The several types of stimulation ~ are usually classified according to the nature of the environmental agent acting upon a receptor, and the classificatory terms "photoreception," "mechanical excitation," or "chemical stimulation" are used merely to indicate that the stimulation has been initiated by a certain type of stimulating agent. Subsequent events within the receptor may or may not be similar to the first effect at the receptive surface. All of the processes at the receptive surface and within the receptor involve the redistribution or the transformation of energy. It should therefore be possible to analyse the successive steps in stimulation and reception by tracing the energy changes. Studies on photic stimulation (
CI-IEMICAL STIMULATION" BY ALCOHOLS
papers quoted therein), have furnished generalized principles upon which interpretative analyses of these types of stimulation m a y be based. For chemical stimulation it has been difficult to formulate such principles satisfactorily, because of the incompleteness of suitable data, and because of the confusing and contradictory nature of the data already reported.
In our a t t e m p t to secure data on chemical stimulation we have studied the effects of the simplest alcohols (the normal p r i m a r y aliphatic alcohols) on the barnacle, the frog, and Planaria, under experim e n t a l conditions which do not involve secondary processes, such as simultaneous stimulation b y other agents, adaptation, narcosis, and the like. If the results are interpretable and lead to a logical hypothesis, it should be possible to test the hypothesis b y investigating other homologous series of organic compounds. Such a procedure m a y lead to a generalized statement concerning the nature of the processes involved in chemical stimulation.
Methods
For determining the stimulating efficiencies of the first four normal primary aliphatic alcohols on Balanus tintinabulum, ~ groups of young specimens from 2 to 10 ram. in basal diameter, and from 6 to 9 ram. in height, seated upon a stone or shell, were placed in a dish of running sea water as described in a previous paper on the effect of temperature in B. ba!anoides (Cole, 1928-29) . The animals were properly protected from all other kinds of environmental stimuli. The sea water and the alcoholic solutions (made with sea water in 10 liter amounts) were run through a tin coll immersed in a water bath the temperature of which was held at 18.0°C. ±0.5% After observing that the pedal rhythm was normal in character and rate, the flow of sea water was stopped and the experimental solution was turned on at the same rate of flow (250 cc. per minute). The criterion for stimulating effect aas any change in the rhythmic movements of the cirri. The nature of the change was noted and recorded, as well as the time within which it occurred. Sea water then replaced the solution and was allowed to flow at least 20 minutes before another test was made. (Full recovery from effects of the alcohols used was apparent by the end of 10 minutes.) By this method the threshold stimulating concentration of each alcohol was determined. It may be assumed that the alcohol furnished the minimum amount of energy necessary to "activate" or stimulate the The experiments on Balanus were done at the Hopkins Marine Station, Pacific Grove, Calif., to the Director of which the senior author is indebted for many courtesies.
receptor. In all cases the time within which any irregularity in the clrral rhythm appeared was practically constant (from 10 to 20 minutes). The order of alcohols used was as follows: ethanol, propanol, methanol, butanol. The tests were repeated several times over a period of 3 weeks on three different groups of animals (250 individuals i n all).
Studies on the stimulating efficiencies of the first five normal primary aliphatic alcohols were made in an analogous manner on the frog Rana pipiens. The frog was placed in a glass dish shielded from mechanical and photic stimuli. Tap water or the experimental solution flowed through the dish at a rate of 250 cc. -4-15 cc. per minute, and at a temperature of 18.0°C. ±0.3 °. The outflow was so adjusted that the liquid in the dish was 5 ram. deep. Mter 1 hour's acclimatization to the experimental conditions, during which "spontaneous" movements ~ were rare, the flow of tap water was stopped and the alcoholic solution (made up in distilled water in 3 liter amounts) started. As soon as a movement of the frog occurred the solution was replaced by tap water and the frog's skin was thoroughly washed by allowing excess water to flow through the dish. The reaction time was measured by a stop watch to 0.1 second. An interval of at least 30 minutes with tap water flowing at 250 cc. per minute was then allowed before the next test was made. Periods of much less than 30 minutes were too short to prevent adaptation of the frog to the alcohol. For example, if only 15 minutes were allowed between trials, the reaction time of the frog steadily increased until finally no response at all occurred. Since all areas of the skin exposed to the solutions were not equally sensitive, and since distribution of the solution throughout the dish was altered by changes in position of the frog, it was necessary to limit the orientation of the frog's body in respect to the current. The postero-anterior axis of the body coincided with the direction of flow. Slight change from this position resuited in increased variation in the reaction times obtained. Preliminary trials showed that all disturbing effects of simultaneous stimuli and of adaptation were reduced to a minimum by the procedure described. The response of the frog consisted of a vigorous movement of the hind legs and could rarely be confused with the so-called spontaneous movements. Among different frogs different thresholds of stimulation were usually found, but since the ratios of reaction times from any two frogs were constant it was possible to use the data obtained from different individuals by merely reducing the reactions times to a common threshold. After preliminary trials to determine a concentration of ethanol which was near the threshold value and which gave a reaction time of about 20 seconds, a series of solutions of the five alcohols 4 was made up beginning with methanol at 1.8 molar 3 "Spontaneous" movements are defined as any movements due to uncontrollable external or internal stimuli. 4 Only alcohols of the highest purity from Eastman Kodak Company were used. Specific gravities were determined and were found to coincide with the best values reported in the literature.
and decreasing in molarity by one-third for each successive alcohol. Tests were then made with the five alcohols in different orders, using several different frogs over a period of 6 months. A series was run with decerebrate frogs to detect any difference in behavior. No significant variation in the results was noticeable, so that normal frogs were later used exclusively. A final series of tests were made on the frog with methanol to discover the effects of varying the concentration on the reaction time. 5
Using the same method as for the frog, the effects of the alcohols on Planaria dorotocephala were also studied. ~ A smaller experimental dish was used, through which the water and the alcoholic solutions flowed at the rate of 20 4-5 cc. per minute. The temperature was 18.0 4-0.3°C. After demonstrating that Planaria exhibited a definite response whenever an alcoholic solution of a high enough con centration passed over it, tests were made with each of the five alcohols, at five different concentrations. The criterion of response was the beginning of locomotion. If the Planaria were allowed several hours of acclimatization, they remained quiescent thereafter unless stimulated. Soon after the alcohol came in contact with them, locomotion began, the reaction time depending upon the concentration of the alcohol. A complete series of tests involving at least 4 observations at each of five concentrations of each alcohol on single animals yielded uniform results. Marked variations among different individuals made it difficult to interpret the results obtained from a population of Planaria.
DISCUSSION O~" RESULTS
The data from the barnacle presented in Table I and plotted in Fig. 1 indicate that the stimulating efficiencies of the successive alcohols increase about 3-fold as each CI-I~ group is added to the molecule, beginning with methanol. This result is analogous to the findings of T r a u b e and others, who have studied the narcotic efficiency of alcohols and other organic compounds. (For review of the literature consult: Traube, 1927.) According to Traube's theory the concentrations of members of a homologous series of organic compounds, such as the normal primary aliphafic alcohols, necessary to produce a given effect will v a r y as the following geometrical series, 1: 3-t: 3-~: 3-a: 3 -4 . . . . Such an exponential relationship m a y be expressed b y the following e q u a t i o n --
For these experiments we are indebted to Mr. Leslie A. Stanber. All of the tests on Planaria were made by Mr. Alfred Margolis, to whom grateful acknowledgment is made.
where C1 is the concentration of a selected m e m b e r of the series necessary to give a definite reaction, C~ is the concentration of a higher m e m b e r of the series necessary to produce the same effect, a is a constant expressing the ratio of successive concentrations, and n is the difference in the number of carbon atoms in the two molecules. The minimum stimulating concentrations of the alcohols for the barnacle calculated from equation (1), when a is 3, are very close to the threshold concentrations determined experimentally.
Proceeding on the assumption that a similar ratio would also hold for the stimulating efficiencies of the alcohols on the frog, concentrations were calculated from equation (1) and the effects of the solutions were tested. 7 That the receptive process measured was reversible was indicated by the relative constancy of the reaction times obtained (Table II) . The data show a slight but definite increase in reaction time as the length of the carbon chain increases. This increase in reaction time means that an incorrect ratio was chosen to calculate the concentrations of the various alcohols which would have the same stimulating efficiencies. In order to determine the correct ratio a knowledge of the relationship between reaction time and concentration for each alcohol is necessary, because equation (1) will hold for a given homologous series over a wide range of concentrations only if that relationship is relatively constant throughout the series. In Table III 
where C is the concentration necessary to produce a definite reaction in time t, A is the antilogarithm of the Y-intercept, and B is the slope Me----~ X ~n(n-1) of the line. A series of similar concentration studies with each of the five alcohols on Planaria exhibited the same relationship except at the highest concentration of each alcohol (Table IV) . In order to make the plots more nearly coincident, as in Fig. 3 the concentrations were multiplied by the ordinate factor given in Column 5 of Table IV . At the highest concentration, the rates of reaction are slower than would be predicted from the relationship revealed by the four lower concentrations. That these deviations are real and significant is shown by the small percentage errors. Although an interpretation of this effect is impossible without further study, it may be suggested that secondary processes at the receptor surface are responsible for the slower rates. (2) is assumed valid for all the alcohols then the effect produced and measured is constant for all the alcohols, and is propor-fional to B. The value of B is therefore characteristic of the receptive process initiated by members of the alcohol series in any one animal, (1) and (2), it is apparent that (2), A for each alcohol and each animal was then calculated from the data, and the ratios between successive A ' s were determined. These values, as presented in Table V , indicate t h a t the ratio 3 is correct for Planaria, but slightly too high for the frog. Such a difference between animals may be expected since there is no a priori reason why the ratio for stimulating efficiency of successive members of a homologous series should be the same for all animals. It has been assumed that the "rate of the reaction" measured in our studies is proportional to the amount of energy change at the receptive surface, and that this change is determined by the non-polar portion of the molecule, or by the length of the carbon chain. A generalized theory to account for energy changes at interfaces on the basis of a comparison between the activities of the more active and the less active portions of polar organic molecules has been developed by Langmuir (1917 Langmuir ( , 1925 Langmuir ( , 1926 Langmuir ( , 1929 and by Harkins (1924 Harkins ( , 1926 . According to Langmuir's "principle of independent surface action," it is concluded that the "forces acting between molecules of various types" among a large class of substances are "dependent mainly on the nature of the surfaces of the molecules which are in contact." For example, in an air-water interface organic molecules orient in such a way that the polar groups are directed towards the water and the less active groups away from the water. At a liquid-liquid interface molecules of an organic solute will be oriented according to the attraction or repulsion of each liquid for certain groups in the molecules of the solute. At an interface between an organic liquid and water the polar groups of the solute molecules will be directed towards the water and the non-polar parts will be drawn towards the organic liquid. At a receptive surface in animals, therefore, the particular orientation of a polar organic molecule which is stimulatory will determine the nature of the stimulation process. In a homologous series of polar oganic compounds the efficiency for stimulating the receptor will be determined either by the potential of the polar groups, or by the structure and magnitude of the non-polar groups, whenever one or the other becomes dominant in its effect. A similar interpretation has been made by Crozier (1918) in an illuminating discussion of the factors involved in stimulation by fatty acids. Hixon and Johns (1927) have arranged organic radicals in an activity series based upon the variations of the polar properties of compounds in any series, such as R-OH, R-COOH, R-NHH~, etc. A similar series could also be arranged for the stimulating efficiency of its members if the effect produced were solely a function of the potential of the polar group. For example, if the stimulating efficiency depends upon the hydrogen ion concentration resulting from the dissociation of the carboxyl group, then the radical attached to that group would exert its effect only through the changes it might produce on the dissociation constant. Crozier (1916) has clearly shown that in certain acid series, where the dissociation constants are high, the penetration efficiency of members of the series through a living membrane is chiefly a function of the hydrogen ion concentration. However, it is to be expected that the anion and any undissociated molecules would also exert some effect especially in stimulation where changes in surface energy may be a dominant factor. From a similar study made on the stimulating efficiency of acids, Crozier (1916) states: "The strong acids follow the order of their ionization, but this at such high dilutions that the correspondence probably has little real reference to dissociation." Warburg (1921) has studied the effect of N/100 solutions of acetic aldehyde, proprionic aldehyde, butyric aldehyde and valeric aldehyde on the respiration of blood cells. He found that equal concentrations of these compounds were necessary to reduce respiration by 50 per cent. He concludes that the hindrance to respiration is caused by the specific aldehyde group. If the potential of the polar group of the aliphatic aldehydes used in Warburg's experiments is relatively constant, and if the effect produced by these compounds is primarily due to a reaction of the aldehyde group with some vital constituent in the cells, equivalent concentrations should produce similar results. Although Warburg's work on respiration is not strictly analogous to the results presented in this paper, it agrees with the interpretation of studies on stimulation.
C H E M I C A L STIB~UI, A T I O N B Y A L C O H O L S

A1
If the potential of the polar group in any series is relatively constant and primarily effective through its influence upon the orientation of a member of a series at the receptor surface, then the stimulating efficiency of that member may be related to the structure of the less active portion of the molecule. Langmuir (1917) has calculated the loss in potential energy, X, when a gram molecule of an organic substance passes from the interior to the surface film formed between air and water, from the equation ~cal ~ ~o "~-625 n where Xo has a different value for each type of compound, and n equals the number of carbon atoms. In other words, in any homologous series the effect of the addition of each CH~ group upon ko is constant. Thus in the normal aliphatic alcohols, ester or fatty acids series, where the potential of the polar group is almost constant, the degree of stimulation should increase as the length of the carbon chain increases, provided the more active portion of the molecule functions primarily as an orienting group. Crozier (1916) has shown that when a low hydrogen ion concentration is approached, as in the monobasic fatty acid series, the dominant factor in determining the degree of stimulation is the length of the carbon chain. To this rule formic acid was an exception. In his discussion of the acid penetration series, Crozier pointed out that formic acid has a higher dissociation constant than its homologues. While discussing the effect of additional CH~ groups upon the field of force around a carboxyl group in the fatty acid series, Langmuir (1929) states: "The forces near the surface of the carboxyl group should be practically constant for all acids higher than proprionic acid, and would be roughly the same in the case of acetic acid, but might be considerably different in the case of formic acid." According to Hixon and Johns (1927) , this variation might also be expressed in terms of X, since "if the orientation of the molecules is a function of the polar group, AX for any homologous series would not be constant unless the potential of this group remained unchanged as CH2 units were interposed." If a relatively slight change in the potential of the polar group may produce an added stimulating effect it might be expected that only where aX was actually a constant would the order of stimulating efficiency be determined by the number of intervening CH~ units in the carbon chain of any homologous series. On the other hand, if such a change in .the potential of a polar group in any homologous series is primarily effective for stimulation through its influence upon orientation of the molecules in a surface, the first member of the fatty acid series would probably not be much of an exception to the rule. This statement is based upon Langmuir's interpretation of the effect of the fatty acids upon the surface tension of water, where formic acid is not considered an exception. For example, Loeb (1908-09) found the following order of efficiency for the normal fatty acids in membrane formation in the sea urchin egg:
Formic acid is here less effective than acetic, so it may be assumed that membrane formation by fatty acids, including formic acid, is primarily due to a change in surface energy induced by the orientation of the molecules of the members of that series at the surface of the egg.
In the aliphatic alcohol series, the potential of the polar group in the different molecules remains practically constant throughout, and is primarily effective for stimulation through its influence upon surface orientation. It would be expected therefore that the degree of stimulation by successive alcohols would reveal a definite relationship to the structure and magnitude of the non-polar groups in the molecules. This relationship is exponential for the barnacle, the frog, and Planaria, and may be mathematically expressed. The formula derived contains two constants, one of which is characteristic of the process of stimulation by alcohol in any one animal. The other constant characterizes each alcohol, the ratio of the values from successive alcohols being identical with the ratio of successive concentrations necessary to produce a given effect. Although the exact nature of stimulation by alcohols is not yet revealed, there is provided an experimental and theoretical foundation upon which further studies of homologous series may be based. It is hoped that progress can thus be made towards an analysis of the initial energy changes involved in chemical stimulation.
SUMMARY
1. The stimulating efficiencies of some normal primary aliphatic alcohols have been determined for the barnacle, the frog, and Planaria, under conditions which do not involve narcosis or simultaneous stimulation by other agents.
2. Concentrations of the successive alcohols necessary to produce a given stimulatory effect vary according to the following geometrical series: 1: a-l: a-2: a-3: a-4: . . . .
, where a represents some real number.
3. Within certain limits the relationship between the logarithm of the concentration necessary to produce a given effect and the reciprocal of the reaction time is linear in the frog and in Planaria. 4. The concentration effect may be expressed by an equation which contains one constant characteristic of the alcohol series, and another one characteristic of each member. The ratio of the latter constants for successive alcohols represents a in the above series.
5. The stimulation by alcohols in these animals is considered to be due to energy changes at the receptive surfaces, brought about by a definite orientation of the respective alcohol molecules. Increase ifi stimulating efficiency as the number of CI-I~ groups increase must be due to the r61e of the non-polar portion of the alcohol molecule, since the polar group remains practically constant throughout the series.
6. In homologous series of organic compounds it is conceived that stimulating effects will be produced either by the polar group or the non-polar group, according to which one becomes dominant in effect, or to a combination of the two.
